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Abstract
A development in modern neutron spectroscopy is to avoid the need
of large samples. We demonstrate how small samples together with
the right choice of analyser and detector components makes distance
collimation an important concept in crystal analyser spectrometers.
We further show that this opens new possibilities where neutrons with
different energies are reflected by the same analyser but counted in
different detectors, thus improving both energy resolution and total
count rate compared to conventional spectrometers. The technique can
be combined with advanced focusing geometries and with multiplexing
instrument designs. We present a combination of simulations and data
with 3 energies from one analyser. The data was taken on a prototype
installed at PSI, Switzerland, and shows excellent agreement with the
predictions. Typical improvements will be 2 times finer resolution and
a factor 1.9 in flux gain compared to a Rowland geometry or 3 times
finer resolution and a factor 3.2 in flux gain compared to a single flat
analyser slab.
1 Introduction
Most crystal analyser neutron spectrometers such as triple axis spectrome-
ters rely on the analyser mosaicity to provide the desired compromise be-
tween intensity and energy resolution[1]. Coarser analyser mosaicity means
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reflection of a larger energy range resulting in higher recorded flux but
coarser resolution, while fine mosaicity brings the opposite result. For
cold neutron spectrometers the most common analyser material is Pyrolytic
Graphite (PG), using the (002) reflection with typical mosaicity of 20’ to 40’
(1
3
◦
−
2
3
◦
) FWHM as seen e.g. on TASP [2], PANDA [3], 4F1, 4F2 [4] and
SPINS [5]. However as neutron spectroscopy moves towards smaller sample
sizes, the distance collimation can become comparable to or better than the
mosaicity of standard graphite analysers. It has been shown that relying
on distance collimation instead of mosaicity and the conventional parallel
beam approximation can lead to better performing monochromators [6] so it
would be natural if the same was true for analysers. We will show that this
is indeed the case and additionally demonstrate the opportunity to analyse
several energy bands simultaneously with a single analyser. First we will
describe the geometric effects in scattering from a single analyser slab, and
then move to more advanced focusing and multiplexed setups. Finally we
show how our ideas are verified by both experiments and simulations.
2 Instrument and simulations
The concept discussed in this article was developed for the CAMEA inverse
time-of-flight spectrometer proposed for the European Spallation Source
(ESS) [7]. Though the ideas are applicable to many crystal analyser spec-
trometer designs it will be discussed based on the 5 meV CAMEA analyser
as this specific setup have been thoroughly investigated. The analyser will
be placed at LSA = 1.46 m from the sample. It consists of 3*5 analyser
crystals that are 1.0 cm wide, 5.0 cm long, and reflecting out of the hori-
zontal scattering plane to several parallel 3He 1/2” (1.27 cm) linear position
sensitive detector tubes LAD = 1.25 m away. The settings are optimised for
sample heights up to hS = 1.0 cm. All the work is done based on these set-
tings unless stated otherwise. Simulations were performed using the McStas
Monte Carlo ray-tracing package [8, 9].
3 Elements of the prismatic analyser concept
The prismatic analyser uses a combination of distance collimation and an
auto focusing effect from the analysers to achieve its results. We will here
describe these effects before explaining the prismatic analyser itself.
3.1 Distance collimation
Distance collimation is used in neutron instrumentation as a supplement to
collimators to achieve a well collimated beam [10, 11, 12]. If two parts of an
instruments (for example the guide end and the sample) have a maximum
2
size and a certain distance between them then the maximal divergence that
can make it through the instrument is limited (see figure 1 a-b). These
geometrical constraints are called distance collimation. In the prismatic
analyser case we consider a variation: We have correlated distance colli-
mation contributions between sample and analyser and between analyser
and detector. We therefore consider the maximum variation in Bragg angle
that allows reflection from somewhere on the sample via any spot on the
analyser to somewhere on the detector (see figure 1 c). For our reference
setup this leads to a distance collimation (shown in figure 1 d) of the order
12’ FWHM and thus dominates the mosaicities of most graphite analysers.
This makes it possible to relax the mosaicity further without any change in
energy resolution.
3.2 The auto-focus effect
A monochromatic neutron beam will be focused at a certain distance by a
single analyser slab. This ”auto-focus” is illustrated in figure 2. Panel a)
illustrates how a perfect monochromatic beam is reflected and focused by
an analyser with a coarse mosaicity. Simulations on narrow energy bands c)
- e) confirm the effect by a clear narrowing of the reflected beam at 80-100
cm from the analyser. The exact focusing spot will move further away (and
be more focused) for smaller sample sizes so it is not possible to place the
detectors in an exact focusing position for a general sample. However it
is possible to construct the system so the auto focus will be close to the
detectors for a wide range of sample sizes.
3.3 A single prismatic analyser
If distance collimation is the dominant part of the energy resolution the
analyser crystal will reflect a wider energy band than measured by the de-
tector. The remaining band will be reflected at slightly different angles as
described by Bragg’s Law, and thus miss the detector. E.g. the reference
5 meV analyser has a mosaicity of 60’=1◦ so the spread in scattering angle
is 2◦ (FWHM) and the real space FWHM of the reflected energy band at
the detector position is 4.4 cm, substantially larger than the 1.27 cm width
of the detector tube. However, due to the distance collimation each specific
energy will be reflected into a much smaller angular band. Figure 2 shows
how 3 different monochromatic beams are reflected from the same analyser
and recorded by 3 different detectors (b). McStas simulations of 3 narrow
adjacent energy bands are shown in c) - e). Though there is some overlap
it is clear that the energy affects the direction of the reflected beam. If a
sufficient number of detectors are installed the entire flux reflected from the
analyser will be recorded. In addition, the distance collimation provides an
accurate determination of the Bragg angle. This provides a better resolution
3
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Figure 1: Distance collimation. a) Geometrical constraints limits the pos-
sible paths from the guide to the sample. This will lead to a divergence
distribution on the sample as shown in b), assuming uniform divergence
and position distributions with no correlations at the end of the guide. c)
The effect of distance collimation on analysers. Due to geometrical restric-
tions only polychromatic scattering with a Bragg angle between 2θmin and
2θmax can reach the detector independently of the analyser mosaicity. The
corresponding rays that cross between sample and analyser have less extreme
angles when sample and detector are roughly equal in size and LSA > LAD.
d) Comparison of the resolution from distance collimation (numerically cal-
culated) and 25’ analyser mosaicity for the reference 5 meV CAMEA anal-
yser.
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than most mosaicity limited spectrometers together with comparable total
count rates from the same analyser.
3.4 Simulated performance of the prismatic analyser
Figure 3 shows simulations of intensity and resolution for different mosaici-
ties. We see that coarser analysers allow detection of more energies without
affecting the resolution and will even detect more neutrons in the central
detector. However coarser graphite will in practice lower the peak reflec-
tivity counteracting this gain. Intensities should be scaled to reflectivity
values. However peak reflectivity depends on analyser thickness, manufac-
turing process and the reflected energy [13, 14] and can only be applied once
these things are determined. The resolution broadens with higher energy as
expected [1]. The better resolutions at the outer detectors, especially at the
25’ analyser, are due to the analyser illuminating one part of the detector
tubes more than the other. Thereby the effective detector width decreases
which improves the distance collimation.
The outermost detectors will have much smaller intensities than the cen-
tral and can be omitted to get comparable statistics and signal-to-noise in
the different channels. Even though coarser mosaicity will lower the peak
reflectivity, it will increase the total count rate provided there are enough
detectors. The same effect can be achieved replacing the detector tubes with
one position sensitive detector. However, in this work we will concentrate
on a detector setup with thin tubes.
4 Advanced instrument designs
In addition to the improved performance offered by the prismatic analyser
there are several other techniques to improve the performance of triple axis-
type spectrometers, such as focusing and multiplexing. This new concept
will be most useful if combined with these techniques.
4.1 Focusing analysers
An important component in distance collimation is the limited analyser
width that unfortunately limits the covered solid angle. However like in
conventional analyser spectrometers, this can be countered by arranging the
analysers in a focusing Rowland Geometry [15]. The Rowland Geometry is
very robust to small perturbations in energy so the outer detectors will be in
almost perfect focusing condition when the analyser is focused on the central
detector. Figure 4 a) displays the optimal Rowland circles for reflecting 3
different energies towards 3 different detectors from the same analyser posi-
tion. At the analyser the distance between the circles are smaller than the
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Figure 2: a): Reflection of a monochromatic beam from a single analyser
crystal focusing at a certain distance. The solid and dashed lines represent
the limits of the scattered rays. The outer gives the width of the beam while
the inner illustrates how focused the beam will be. b) Reflection of 3 specific
energies from a single analyser crystal. Each energy is illustrated as in a)
and reflected in a specific angle given by Braggs Law. The large difference
in focusing distance is due to the exaggerated sample size, analyser size, and
angular separation. c-e) McStas simulation of the beam profile as a function
of distance from the analyser of 3 adjacent energy bands, 3.54 meV, 3.55
meV, and 3.56 meV from a single reflecting analyser piece.
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Figure 3: Simulated recordings of several energies from a single analyser
illuminated with a white beam. Each peak in a) - c) represents the counts in
a single detector tube as function of Ei (The detector tubes are represented
with circles below the data). The mosaicity of the analyser is 25’ for a),
60’ for b), and 90’ for c). d) Shows the corresponding intensities before
correcting for peak reflectivity, and e) displays the resolution of the detectors
for the 3 mosaicity values.
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Figure 4: a) Illustration of the optimal Rowland Circles for 3 parallel 1/2”
detector tubes. At the analyser positions the circles are very close together,
making it possible to get almost perfect focusing for all 3 detectors from one
focusing analyser. b) The principle shown in figure 2 for 5 analysers arranged
in a Rowland geometry, the 3 energies represented by the 3 different colors
are separated at the focusing distance.
width of the analyser crystals so the focusing is almost perfect for all detec-
tors independent of which of the circles is chosen. 4 b) shows the schematics
of how 3 different energies are reflected and how they can be separated at
the detector position. The crystals are chosen to be so close that no gap is
seen from the sample, but that does lead to a small overlap between crystals
seen from the detector. Simulations have shown that this shadow effect is
negligible and for practical purposes the finite width of crystals and mount-
ing will anyway force the analysers further apart.
By focusing it is possible to increase the solid angle coverage and thus im-
prove the recorded flux just like with a conventional analyser setup. To
confirm that it does indeed work we performed a full simulation with 5
analyser blades in a focusing geometry. This provided a factor 4.6 in flux
gain without sacrificing energy resolution (data not shown).
4.2 Multiplexing
Multiplexing spectrometers have become increasingly popular with varying
layouts like RITA II [16, 17], IMPS [18], and Flatcone [19]. A challenge when
combining multiplexing with prismatic analysers is that many multiplexing
instruments have several detectors close together measuring reflections from
different analysers. There might thus not be sufficient space for the optimal
number of detectors. However by choosing slightly sub-optimal settings it
is still possible to combine the two techniques.
For example the proposed ESS CAMEA will have a multiplexing setup with
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a very large analyser coverage. It has 10 concentric rings of analysers re-
flecting 10 different prismatic energy bands, as seen in fig. 2, to position
sensitive detectors below the scattering plane[20]. While this extreme case
of multiplexing could be combined with any number of detectors pr anal-
yser, a detector number above 3 would force the innermost analysers further
apart than optimal and impose severe extra costs. In contrast 3 detectors
can be included without any drawbacks.
5 Experimental verification
A prototype of the ESS CAMEA prismatic analyser was built at Risø campus
of DTU and installed on the MARS backscattering spectrometer at PSI
[21] in 2012. MARS is an inverse time-of-flight instrument with a flight
path between the master chopper and sample of 38.47 m. The prototype
consists of 3 vertically focusing analysers behind each other. Each consists
of five 15 cm wide, 1 cm tall analysers in Rowland geometry and scatters
the neutrons out of the plane to 3 linear position-sensitive detectors. The
distance between sample and analyser is 1.2 m and between analyser and
detectors 1.0 m. The analysers are centred around a 2θ value of 60◦. Due
to spatial restrictions in the prototype the test was not done at the exact
settings proposed for the final instrument. A more thorough description of
the prototype and its testing will be reported elsewhere.
Figure 5 shows data obtained from the prototype experiment. In b) we used
a Vanadium sample to ensure incoherent elastic scattering and recorded
the energy separation expressed as neutron time-of-flight in the 3 detectors.
The simulations were done at the same settings but the intensities were
rescaled with one common factor to account for imprecise descriptions of
source brilliance, sample volume, and analyser peak reflectivity. The data
is displayed in the raw time bins in order not to impose any data treatment
assumptions. The data confirms that it is indeed possible to separate several
energy bands and obtain the good resolution promised by the simulations
from a focusing prismatic analyser in a multiplexing inverse time-of-flight
spectrometer.
6 Comparison to a conventional spectrometer
Examples of simulated gain factors for prismatic analysers are shown in ta-
ble 1. The comparison is done for a vertical Rowland geometry as described
in 2, and for a reference using the same geometry but 25’ analysers and a
single detector taking up the same space as the full detector setup of the pris-
matic analyser. So it is 3.95 cm wide (including the 1 mm spacing between
the detector tubes) when compared to 3 detectors and 6.65 cm wide when
compared to 5 detectors. The Rowland setup already gives the reference a
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Figure 5: a): Sketch of the experimental setup of the CAMEA prototype.
The analyser-detector setup in the red box is shown in b). Data from this
single analyser-detector setup is below. c) Time distribution of neutrons
scattered by a 2.2 cm tall Vanadium sample and detected in each of the 3
detectors recording data from the 5 meV analyser. Measured data are given
by data points and simulated data by lines. The coloured peaks show the
result of using the prismatic analyser while the grey shows the corresponding
signal from adding all 3 detectors together and relying on 30’ mosaicity
for energy resolution. The simulated intensities have been rescaled by one
common factor in order to compare the line shapes. The data is displayed
in raw time bins. Each time bin of 40 µs corresponds to ∼ 10 µeV . The
technique has also been tested at other distances and mosaicities and found
to work there as well.
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Analyser mosaicity No. of detector tubes Resolution reduction Intensity Gain
25’ 3 2.0 0.9
60’ 3 2.0 1.4
60’ 5 2.0 1.9
90’ 3 2.0 1.4
90’ 5 2.0 2.0
90’ 7 2.0 2.3
Table 1: Gain factors for different prismatic analyser layouts obtained by
simulations.
gain of 1.7 in flux and 1.7 in resolution reduction compared to a single 5
cm analyser. The resolution reduction is understood as σr/σnew where σnew
is determined from the central 5 meV detector and σr is the resolution of
the reference setup. The intensity gain is defined as Rη/(Ir · R25′) ·
∑
n In
where In is the intensity of the n’th tube looking at a given analyser and
Ir is the intensity on the reference detector. Rη is the peak reflectivity of
the analyser with mosaicity η. For this comparison we used typical peak
reflectivity values of 0.8, 0.7, and 0.6 for 25’, 60’ and 90’ respectively.
The results demonstrates that it is possible to improve the resolution a fac-
tor of 2 while at the same time doubling the intensity, corresponding to a
total gain factor of 4 compared to a traditional mosaicity driven analysers.
The gain factors can be increased slightly by using position sensitive detec-
tors. The 0.9 in flux gain factor for 3 detectors and 25” mosaicity is due
to the difference between the 3 round detectors with less efficient edges and
spacing between them and the single big square detector of the reference
model.
As discussed there is only space for 3 detector tubes per analyser on CAMEA
and thus the 3 tubes 60’ mosaicity has been chosen for this design. This
reduces the resolution a factor 2.0 and increases the flux a factor 1.9 for
the ESS version when compared to a traditional Rowland geometry with
the same analyser and detector area. Compared to a flat analyser slab one
gains a factor of 3.3 in resolution reduction and 3.2 in flux or a total gain
factor of 10.6.
7 Conclusion
Cystal analyser spectrometers designed for small samples have a better dis-
tance collimation than standard triple axis spectrometers. Instead of re-
ducing the distance collimation or accept lower count rates the geometric
constraints can be used as a benefit by installing several detectors that record
different energies from the same analyser. If the mosaicity is relaxed, this
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can produce better resolution and higher total count rates than achievable
by installing fine mosaicity analyser crystals at the spectrometer or by using
Soller collimators. The method is proven by both measurements and sim-
ulations to work together with analysers arranged in Rowland geometries
and multiplexing setups.
We have further exemplified that a 60’ mosaicity setup with 3 detector chan-
nels can lead to an resolution improvement of a factor 2.0 together with a
flux increase of a factor of up to 1.9 compared to a conventional 25’ mosaicity
single detector Rowland setup. Even bigger gain factors of 3.3 in resolution
reduction and 3.2 in flux can be achieved when compared to a flat analyser
slab.
Acknowledgements
This project was funded by the Danish and Swiss in-kind contributions to
ESS design and update phase. We thank Astrid Schneidewind for insightful
comments.
References
[1] G. Shirane, S. M. Shapiro, and J. M. Tranquada, Neutron Scattering
with a Triple-Axis Spectrometer (Cambridge University Press, 2002).
[2] P. Bo¨ni and P. Keller, Proceedings of the 4th Summer School on Neu-
tron Scattering 96-02, 35 (1996).
[3] PANDA, Panda restrax file, 2014.
[4] Saclay, http://www-llb.cea.fr/en/fr-en/spectros-llb.pdf (2003).
[5] L. Harriger, SPINS homepage: www.ncnr.nist.gov/instruments/spins/
spins details.html (2014).
[6] K. Lefmann et al., Nucl. Instr. Meth. A 634, S1 (2011).
[7] ESS Report No., , 2013 (unpublished).
[8] K. Lefmann and K. Nielsen, Neutron News 10, 20 (1999).
[9] P. Willendrup, E. Farhi, and K. Lefmann, Physica B 350, E735 (2004).
[10] M. P. Nieh, Z. Yamani, N. Kucerka, and J. Katsaras, Journal of Physics:
Conference Series 251 (2010).
[11] C. Bahl, P. Andersen, S. Klausen, and K. Lefmann, Nuclear Instru-
ments and Methods in Physics Research B (2004).
12
[12] M. Kenzelmann et al., Phys. Rev. B 64 (2001).
[13] A. Moore, M. Popovici, and A. Stoica, Physica B 276-278, 858 (2000).
[14] M. Adiba, N. Habiba, M. El-Mesirya, and M. Fathallah, Proceedings
of the 8th Conference on Nuclear and Particle Physics , 81 (2011).
[15] M. Skoulatos, K. Habicht, and K. Lieutenant, Journal of Physics: Con-
ference Series 340, 012019 (2012).
[16] K. Lefmann et al., Physica B: Condensed Matter 283, 343 (2000).
[17] K. Lefmann et al., Physica B , 1083 (2006).
[18] M. Jimnez-Ruiz and . A. Hiess, Physica B: Condensed Matter 385-386,
1086 (2006).
[19] M. Kempa et al., Physica B: Condensed Matter 385-386, 1080 (2006),
Proceedings of the Eighth International Conference on Neutron Scat-
tering.
[20] P. G. Freeman et al., (in preparation).
[21] P. L. Tregenna-Piggott, F. Juranyi, and P. Allenspach, Neutron News
19/1, 20 (2008).
13
